Abstract
Methods
We evaluated two groups, one of thirteen patients with ALS and one of thirteen agematched controls, during the execution of a series of controlled head movements, performed while wearing two inertial sensors attached on the forehead and sternum, respectively. We quantified the differences between the two groups from the sensor data using indices of velocity, smoothness and movement coupling (intended as a measure of undesired out of plane movements).
Findings
Results confirmed a general limitation in the ability of the ALS patients to perform and control head movements. High inter-patient variability was observed due to a wide range of observed functional impairment levels. The ability to extend the head backward and flex it laterally were the most compromised, with significantly lower angular velocity (P < 0.05, Cohen's d > 0.8), reduced smoothness and greater presence of coupled movements with respect to the controls. A significant reduction of angular velocity (P < 0.05, Cohen's d > 0.8) in extension, axial rotation and lateral flexion was observed when patients were asked to perform the movements as fast as possible. a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
Amyotrophic lateral sclerosis (ALS), also known as motor neurone disease is a degenerative disease primarily of motor neurones that leads to progressive muscle weakness. The consequences in terms of motor function differ depending on the extent to which upper and lower motor neurons are affected by the degeneration [1] . The onset of ALS tends to be focal with weakness presenting in a particular group of muscles first. This is usually distally in one limb with spread to other muscles within this limb and beyond over time. Bulbar and respiratory muscles are also affected, as are the muscles in the neck which support the head and enable its motion. Muscle weakness in the neck usually affects the neck extensor muscles, with or without the involvement of the neck flexors [2] . In those cases, a consequent head drop exacerbates problems with swallowing, communicating and breathing, causing significant disability and difficulties in social interactions. It has been reported that in ALS patients head drop affects quality of life [3] and, in order to improve their posture and overcome those difficulties, patients are advised to wear a cervical orthosis [2, 3] . It has also been recently shown that neck muscle weakness leads to an increasing difficulty in performing the activities of daily living (ADL) and is negatively associated with survival time in ALS patients [4] .
A quantification of the interaction between neck muscle weakness due to ALS and consequent functional limitation, to the authors' knowledge, has only been performed by testing muscle weakness with manual muscle testing and by assessing the ability to perform ADL using a clinical scale [4] . The main limitations of both functional rating scales and manual muscle testing (MMT) are that they are evaluator-dependent, provide ordinal data, which may lack sensitivity in the presence of small changes, and that they provide steps between grades which are not guaranteed to be qualitatively equivalent for each interval [5] . This can cause the disease to progress for an extended period before it is detected by a change in the MMT score. Furthermore, it has been proposed that there can be some critical levels at which a small decline in strength leads to a large functional loss [5] . Additional instruments, such as handheld dynamometers (HHD), have been introduced in clinical practice to obtain a quantitative and more accurate assessment. These devices are portable, easy to use and relatively inexpensive. Nevertheless, they evaluate only isolated strength over specific muscle groups and do not provide an assessment of the overall function of a joint [6] . Thus, an assessment based only on muscle strength evaluation conveys limited information with regard the actual level of progression of the disease and there is a need for the development of tools that enable a more function based objective quantitative assessment of execution of movement. In the specific case of the assessment of functional neck impairment in ALS patients, since currently used ALS clinical scales do not take into account any measure of neck function and MMT and HHD techniques usually only evaluate neck extensor muscles, there is a need for a better outcome measure.
In an attempt to investigate the ability of different cohorts of participants to perform head movements, a number of researchers have measured both the velocity and the smoothness of these movements [7] [8] [9] [10] . The reduction of the velocity of head movements has been demonstrated to be a feature characteristic of individuals with chronic neck pain [7] and a marker of neck pathologies, such as cervical dystonia [8] . The fluidity, or smoothness, of a movement is often used as an indicator of unimpaired movement control and coordination. Several studies, in fact, have recognised that a lack of coordination, due to advanced age [9] or pathological conditions is typically associated with reduced smoothness [10] . Since impaired coordination and poor muscle control are primary consequences of altered muscle strength [11] , it is reasonable to hypothesise that the assessment of movement smoothness, together with the measurement of velocity parameters, could allow the quantitative evaluation of a patient's ability to perform head movements and provide valuable information to inform clinical care.
An additional feature of potential interest for a quantitative assessment of specific residual abilities is the so-called coupling of the movements [12] . Pure head flexion-extension, axialrotation and lateral flexion are movements executed in the sagittal, transverse and frontal planes, respectively. However, whilst the orientation of the cervical vertebral bodies allow for pure flexion-extension, they impede pure lateral flexion, and a simultaneous axial rotation is typically observed [12] . The out of plane movement resulting from this combination is often described as a coupling of the primary (lateral flexion) and the secondary (axial rotation) movements. Similar physiological movement couplings can, of course, also occur in other planes and for the other movements. Coupled mechanisms of the upper cervical spine have been shown to be significantly increased in pathological conditions such as cervical dystonia, likely due to the co-contraction of the cervical muscles which is known to occur in this condition [8] and with increasing age [12] . In patients with ALS, the presence of increased coupled movements of the neck could be expected as a result of neighbouring muscles being employed to compensate for muscle weakness. Its quantification may hence add useful information for the functional assessment of these patients. Coupled movements of the neck were investigated through the assessment of the movements of the head with respect to the trunk.
The aim of this pilot study was to quantitatively characterise head movements with regard to velocity, smoothness and coupling in ALS compared to aged matched controls.
Methods Participants
A cohort of thirteen individuals affected by neck muscle weakness due to ALS (6 females, 7 males, age range 45-74 years) participated in the study. The severity of the disease was assessed in patients by using the ALS Functional Rating Scale-Revised (ALSFRS-R). The ALSFRS-R is a validated ordinal scale, commonly used in clinics to estimate a patient's degree of functional impairment [13] . The scale ranges from 0 (worst) to 48 (best). The participating patients' characteristics (age, ALSFRS-R score at the time of recording and time course from diagnosis to recording) are summarized in Table 1 . Inclusion criteria were: ability to understand instructions and give informed consent, definite diagnosis of ALS accordingly to the modified El Escorial criteria [14] ; absence of comorbidities and presence of neck muscle weakness, as observed by a physician, as well as the presence of residual muscle strength to enable the performance of the test procedure. Individuals that were not able to lift their head at all from their chest were excluded from the study. Thirteen age-matched healthy individuals (6 females, 7 males, age range 44-75 years) were also enrolled. Inclusion criteria for healthy individuals were: the absence of symptoms or history of cervical spine disorders. All the participants were informed about the protocol through an information sheet and signed a consent form prior to their inclusion in the study. The study was reviewed and approved by the NRES Committee North East-Newcastle and North Tyneside (REC project number STH18733).
Protocol
The assessment was performed using two inertial magneto units (IMUs) (OPAL, APDM Inc., USA, sampling frequency 128 samples/s, Fig 1) , following a previously adopted protocol [15] . Each IMU is equipped with a tri-axial accelerometer, a tri-axial gyroscope and a tri-axial magnetometer to measure linear acceleration, angular velocity and orientation. The two IMUs were firmly attached on the forehead and sternum of each participant using double sided tape. A functional calibration approach (described below) was adopted. The sensor attached to the forehead was used to record the movements of the head while the sensor attached to the sternum was used to detect undesired movements of the trunk. Each participant was asked to sit on a chair and perform a series of active head movements: flexion (F), extension (E), axial rotation (AR, toward their left and right side) and lateral flexion (LF, toward their left and right side), starting from their own neutral position (NP) and looking ahead. To make sure they were well familiarized with the protocol, all participants were asked to practice the sequence of movements before the acquisition session started. All movements were performed first reaching the maximum amplitude (i.e. the participants were asked to move their head as far as possible from the neutral position), then at maximum speed (i.e. the participants were asked to move their head as fast as possible). The first condition was used to evaluate participants' ability to perform head movements while they endeavoured to reach their maximum range of motion in each direction, but still in a controlled state. The second condition was used to evaluate participants' ability to perform head movements in a less controlled state. Each movement was repeated three times. The participants with ALS were asked to perform the movements at maximum speed only if they felt comfortable with doing it. The assessment took approximately 30 minutes.
Data Processing
Data were analysed using custom procedures written in MATLAB (Mathworks Inc., Natick, MA, USA). Prior to the analysis, signals were filtered using a 4th order zero-lag Butterworth filter. The cut-off frequency value was then conservatively set to 10 Hz, after having checked the frequency content of signals collected. Thereafter, IMUs orientation was estimated in order to align the sensor placed on the forehead with the sensor placed on the sternum and remove orientation errors that could occur due to their placement. A functional calibration approach, described in detail in previous studies [15, 16] , was used for this purpose. The accelerations and angular velocities of forehead and sternum were expressed according to a common anatomical reference frame, which was defined using a functional calibration task. The task consisted of asking participants, while sitting on a chair, to look forward for ten seconds and then perform five trunk flexions. Once the two sensor reference frames were aligned to the anatomical reference frame, the accelerations and the velocities recorded at the sternum level were subtracted from those recorded at the head level. This enabled movements of the head arising from a movement of the trunk to be isolated and removed [17] . The location of the IMUs on the participants' forehead and sternum and the functional procedure used to align their reference frames are described in Fig 2. Every movement (M) was sub-divided in two phases: movement away from neutral position (M1) and movement back to neutral position (M2), as they involve different groups of muscles. For each movement the end of the first phase was detected when the angular velocity first crossed the zero (from positive to negative or vice versa, according to the movement), which coincided with the moment when the direction of the movement is reversed (Fig 3) .
The following parameters were used to quantify the head movements: mean angular velocity (ω m ), peak angular velocity (ω p ), normalized jerk (NJ), and ratio of movement coupling (RMC). ω m and ω p were calculated using the signal recorded by the tri-axial gyroscope. To calculate ω m the signal was averaged through the duration of the movement while, to evaluate ω p, its peak value was considered.
The jerk (J) was initially computed as the first time derivative of the linear acceleration measured by the tri-axial accelerometer. Then, a time-integrated squared jerk was calculated and normalized with respect to the mean absolute acceleration and duration of the movement, using the following equation [18] :
where T is the duration of the movement and a is its mean absolute acceleration. By definition, lower values of NJ are associated with smoother movements [18] . As described in the introduction, a pure primary movement would entail a rotation in only one of the three main anatomical planes. In this case, the direction of the angular velocity would coincide with the direction of the main anatomical axis perpendicular to the anatomical plane in which the movement is performed and the relevant angular velocity signal would be the highest among the three recorded ones. The presence and amount of coupled movements, on the contrary, entails higher values also of the other angular velocity components. The presence of coupled movements was hence quantified using the following ratio:
where i is the axis around which the primary movement is performed, j and k are the other two main anatomical axes and A i , A j , and A k are the areas under the angular velocity timecurves measured along those axes. Finally, in order to evaluate the deviation of each specific parameter measured in patients from the reference data obtained in the control group, a Z-score was used, calculated as [18] :
where P is the parameter of interest, i is the participant and P C and σ C are the mean and the standard deviation values of the parameter P measured in the control group. By summing all the scores obtained for different parameters, a composite score (Z CS ) was calculated for each patient, as associated to the performance of a specific movement:
As can be deducted from its formulation, the lowest the Z-score, the more the participant differs from the control group reference value calculated for that movement.
Statistical Analysis
A reliability analysis was performed to check, for each movement and for each parameter, the level of agreement between the repeated tests. A two-way random interclass correlation coefficient (ICC (2, 1)) for a single measurement was used [19] . According to the literature, ICC values were interpreted as: good > 0.75, moderate 0.4-0.75, poor < 0.4 [20] . For those parameters that showed levels of agreement ranging from moderate to good, values obtained in the three repetitions of the various movements were averaged and retained for further analysis.
Normality of the data was verified for each parameter and movement using a Shapiro-Wilk test and parametric (independent t-test) or non-parametric (Mann-Whitney U-test) tests were then consistently adopted to quantify differences between the two groups. In both cases, statistical significance was set at an alpha level of 0.05. Cohen's d was also computed and used as an indicator of the effect size. According to the interpretation scale reported in literature [21] Additionally, Spearman's rank correlation coefficient (ρ) was calculated to evaluate the relationship between the Z-scores computed for each patient and his/her ALSFRS-R score. Statistical significance for the correlation between the Z-score and the ALSFRS-R score was set at an alpha level of 0.05.
Results
All participants performed the head movements to reach the maximum amplitude. Among the 13 ALS participants, only a subgroup of 9 (5 females, 4 males, age range 45-74 years, ALSFRS-R score 29±11) was able to perform the head movements when asked to reach their maximum speed (See Table 1) .
ICC values obtained for all movements, in trials performed at both maximum amplitude and maximum speed, are given in Table 2 and Table 3 , respectively. ICC was moderate to good in all movements and for most parameters. In the ALS patients the only exceptions were observed for the NJ in extension from neutral position (E1) and in flexion back to neutral position (F2), when performed at maximum speed. In the controls, NJ in the extension from the neutral position (E1) showed a poor agreement, when performed at maximum speed. Those parameters were excluded from further analysis.
A comparison between the typical signals obtained from a control individual and an ALS patient (participant Nr 3 in Table 1 ) is shown in Fig 4, which illustrates data from an extension of the head from the neutral position (E1), performed reaching the maximum amplitude. Table 4 shows the results obtained for both groups and for all the maximum amplitude movements. ω m was significantly lower in the patient group in the extension and in the axial rotation both from (E1 and AR1, p = 0.012, d > 0. 8 The results concerning the trials performed reaching the maximum speed, are shown in Table 5 for both groups. The ω m and ω p were significantly lower (p < 0.05, d > 0.8) in the ALS group in extension, axial rotation and lateral flexion from the neutral position (see values in Table 5 ). The most remarkable difference was observed in the axial rotation from and back to the neutral position, where values measured in ALS were almost half those measured in the control group, both for the ω m and the ω p . Movement performed by the ALS group did not show a significant reduction (p > 0.05) of movement smoothness in any of the movements performed, while the presence of coupled movements was significantly higher (p < 0.05, d > 0.8) in the flexion and in the axial rotation movements, both from and back to the neutral position. Fig 6A exemplifies the Z CS values obtained for the E1 movement in the maximum amplitude task. Fig 6B shows the Z CS obtained for each patient in E1, performed reaching the maximum amplitude, as a function of the patient's ALSFRS-R scores. The evident absence of a correlation between the two quantities was confirmed by the non-significance (p = 0.548) of the Spearman correlation coefficient.
Discussion
The aim of this pilot study was to quantitatively characterise head movements with regard to velocity, smoothness and coupling in ALS compared to aged matched controls. Despite the relatively small number of participants enrolled in this study, which represents a drawback of investigating a rare pathology and a limitation of this work, reported results demonstrated a reduced ability of patients tested to perform head movements. In particular, the observed movements in ALS, when performed at a self-selected speed, appeared to be characterized by a reduced mean and peak velocity, a reduced smoothness in a subset of movements and a higher presence of coupling movements in almost all the movements, compared to controls. In order to draw stronger conclusions on the clinical meaning of the proposed method, further studies involving a larger number of patients are needed.
Despite their limited ability, the patients managed to perform the chosen tests, which were minimally invasive for them. The level of agreement between the three repetitions performed for each movement and parameter was satisfactory overall, with ICC values ranging from moderate to high, except in a few cases. This is a very encouraging result and supports progression towards the definition of a reliable quantitative approach to overcome the current limitations of the MMT and HHD, reported in the introduction. In addition, the proposed approach might be used to measure specific neck muscle impairment, currently not provided by clinical scales such as the ALSFRS-R, which could be used in the longitudinal assessment of changes or to drive personalised intervention, such as the choice of a cervical orthosis. Mean and peak velocities were significantly reduced in the ALS group in a subset of movements in trials at maximum amplitude and in trials at maximum speed. Those results confirmed that angular velocity is a viable parameter to identify and quantify movement impairment in ALS patients, as previously reported in patients affected by cervical dystonia [8] . The reduction of velocity is likely to be multi-factorial, relating to both muscle weakness and tone change. In addition, compensatory movement strategies developed to avoid the loss of cervical stability, using an avoidance behaviour similar to that observed in individuals affected by chronic musculoskeletal pain, may be occurring [22] . Further studies are needed to understand better the degree and relative impact of muscle weakness and tone change and to investigate these hypotheses.
The movements performed by the ALS patients, when reaching the maximum amplitude, were significantly less smooth in extension, flexion back to neutral position and lateral flexion, as illustrated by the curves presented in Fig 3A and 3B . These data highlight how the acceleration signal is more jagged when the movement is performed by a patient with ALS and confirm the presence of impaired movement coordination. The overall jerkier movements observed in patients with ALS were similar to those reported previously for other neurological conditions such as Parkinson's disease [23] and multiple sclerosis [18] . In our ALS patients reduced coordination was, on average, only observed in a subset of movements, possibly providing an indication of the group of muscles that were more compromised in our participants. Results obtained from our participants are consistent with a significant functional deterioration of neck extensor muscles, as reported in literature for patients with ALS [2] . Our results support the hypothesis that jerkier movements could be associated with motor control strategies characterized by continuous feedback corrections, caused by an alteration of the proprioceptive input or of the feedforward control mechanisms [24] . This seems to be compatible with the nature of ALS, the major impact of which is a reduced ability to initiate and control muscle movements. Additional studies, possibly involving also upper and lower limbs movements, would help to further clarify the characteristics of motor control and movement strategies in patients with ALS and corroborate these hypotheses.
The smoothness results obtained in trials performed reaching the maximum amplitude were not confirmed in trials performed reaching the maximum speed. The presence of lower jerk values in movement performed at higher speed was consistent with experimental values found in previous studies [25] . The different results obtained could be also attributable to the different level of ability of the ALS patients that performed the faster movements (see Table 1 ), who were considered to be less impaired, compared to those that were able to perform only movements at maximum amplitude. An independent objective quantification of the residual patient ability, however, was not available and further studies are hence needed to verify this hypothesis.
Values obtained for the RMC in trials at maximum amplitude showed a higher presence of coupled movements when the exercises were performed by ALS patients, as can be observed by comparing two typical angular velocity signals from a control individual and an ALS patient (Fig 3C and 3D, respectively) . Increased coupled movements could be caused by an alteration of central motor control and/or by the degenerative process that involves neck muscles with a consequent adoption of compensating movement strategies to maintain the orientation of the head [26] . The variability of these degenerative processes in part explains the observed RMC inter-patient variability. The absence of a significant difference between ALS patients and the control group in flexion from the neutral position is most likely due to the characteristics of the movement itself, which has been shown to be associated with an axial rotation movement also in healthy participants [27, 28] . The trials at maximum speed were performed similarly by the two groups, except for the flexion and the axial rotation movements. This may well be due to the fact that only the patients with less severe deficits managed to perform these tests. The composite Z score here proposed can be used for comparison between participants and also to quantify the (dis)similarity between the quantities measured in patients and the reference values obtained for the control group. Using this score, for example, it was possible to clearly classify patients according to their ability to perform the extension movement (E1, Fig 6A) . The score proposed might be used to objectively rate and classify patients according to their ability to control their head movements and monitor relevant changes in time. Further studies, including longitudinal data from larger groups, are needed to build a larger reference dataset and validate this approach. No correlation was observed between the Z-score and the ALSFRS-R score. Although the ALSFRS-R score does correlate with overall disease progression in ALS [13] it has been shown as inadequate to accurately describe functional loss in performing arm movements [6] . The lack of correlation between the Z-score and the ALSFRS-R score may be due to a similar limitation of the ALSFRS-R to quantify functional loss in head movements. Although, the small sample size limits the possibility to draw general conclusions, a quantitative clinical scale able to detect small but potentially significant functional loss in patients with ALS may be of value.
Conclusions
This is the first study providing a functional objective quantification of head movements in ALS. The reported results demonstrate that head movements in ALS patients, compared to age-matched controls, are characterized by reduced smoothness and velocity and by increased presence of coupling movements, which are consistent with weakness of neck extensor muscles. The ratio of movement coupling described in this study is a viable functional parameter. Further work involving different body areas and correlation with existing methods of evaluating neuromuscular function, such as dynamometry and EMG, is needed to explore the use of this approach as a marker of disease progression in ALS.
